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1. Introduction 


A bstract 

LakeMagadi is an alkaline saline Lake in Kenya, which Meson the Great Eastern 
Rift valley. Although the lake is characterized by extremes of salt, pH and 
temperature, it supports diverse groups of cyanobacteria. In this study, we used 
different media to isolate novel groups of cyanobacteria. Werecovered 11 isolates 
affiliated to the orders Chroococcales, Oscillator/'ales, Pleurocapsales and Nostocales. 
Isolates affiliated to Chroococcidiopsis species had similarity values below 90% to 
currently characterized taxa indicating that these could be completely new 
phylotypes. This taxon has not been isolated before from the soda lake indicating 
the power of molecular techniques in identifying novel cyanobacterial taxa. 
Only two of the recovered isolates had 99% similarity to known organisms. 
Previous studies have mainly relied on microscopic examination and 
identification, which can lead to mi si dentifi cation and subsequent assignment of 
an organism to the wrong taxon. The recovered isolates are a useful resource of 
more studies on taxonomy and secondary metabolite production. 
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Thephylumcyanobacberia isoneofthelargesttaxonamongstgram-negctiveprokaryotes, with about 56genera (Hossain 
eta/.,2016). Their distribution is influenced by environmental and physiochemical conditions (FI ombaumet 
al., 2013). In haloal kali ne habitats, temporal blooms comprised of A rthrospira, Spirulina and A nabaena species 
have been observed (Dadheech eta/., 2009) whilethemarineecosystemisdominated by species of Prochlorococcus 
and Synec/iococcus (Flombaumet al., 2013). Cyanobacteria play an important roleof primary production (M azard 
et al. 2016). Some species (e.g., 0sanatoria and A rthrospira) are capable of photosynthesizing under both 
aerobicand anaerobicconditions. Under anaerobic conditions, inthepresenceof sulphur, the photoautotrophic 
blue green algaederiveelectrons by reduction of sulphur (Thajuddin and Subramanian, 2005). In the East 
African soda lakes, cyanobacteria serve as food for lesser flamingos (Krienitz and Kotut, 2010). At times they 
form dense blooms dominated by species of A rthrospira, Synechococcus, M icrocystis and Synechocystis 
(Bell, 2012; M uruga et al., 2014; Kotut et al., 2010; Ballot et al., 2004; and Dadheech et al., 2009). H owever, 
they have been implicated in the production of secondary metabolites, or bioactive compounds 
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(col lectively referred to as cyanotoxi ns) which are toxic to theenvironment and humans (Pearson et al., 2016). 
Cyanobacterial studies have relied on morphological characterization and cell counting, which aretraditional 
methodssuited forthestudy of the phytoplankton community (Spiegel man eta/., 2005). However; morphology 
alonecannot always properly reflecttheecological entities found inasystem. Molecular characterization of 
cyanobacterial communities using partial sequenceof 16SrRN A gene may be a more powerful tool inthestudy 
of microbial communities (I nnok eta/., 2005). In this study wecombined both morphological and molecular 
ap proaches to i d enti fy cyanobacter i a taxa i sol ated from the hal oal kal i ne L ake M agad i. 

2. M aterials and methods 

2.1. Isolation of cyanobacteria 

Samples used inthisstudywerecollectedfromthehypersalineLakeMagadi (1°52'S36°16'E; 1.867 °S 36.267 
°E). Physiochemical parameters (pH, salinity, temperature, conductivity, 0 2 concentration, salinity, and 
al kal i nity were recorded for each sampl i ng poi nt. Water samples were col lected i n steri le 500 ml contai ners. 
Fivetypes of media wereused in the isolation efforts as follows: Blue green medium (BG11) by Niemel a eta/., 
(1979), Synechococcus medium (A +) (N iemelaet al., 1979), artificial lakewater medium (ALW) and artificial sea 
water medium (ASW) described by Wyman eta/. (1985) and enriched lakewater medium (M) described by 
M ikhodyuk etal. (2008). Sodium nitrate was added to BG11 mediato facilitate thegrowth of cyanobacterial 
species that could not fix their own nitrogen. Bacterial growth was suppressed using streptomycin (50 mg/ L) 
whileVitamin B12(20mg/ L) was added asasuppl ement to support species such asSpirulina. Two techniques 
wereused in the isolation process: spread plating on agar and dilution to extinction in deep well plates. For the 
liquid cultures, 100 ju I of the lakewater was inoculated onto 15 ml of the respective medium and held under 
continuously lighted chamber. Once growth was observed (green pigment intensification or increase in 
turbidity), the cultures were purified using dilution to extinction technique in deep well plates until pure 
axenicsultureswereacquired (Rippka, 1988). Solid cultures were established by spread plating an aliquot of 
thesampleontherespectivesolid medium followed by incubation at 30 °C till growth was observed. Pure 
cultures were obtained by repeated streaking on fresh medium. 

2.2. M orphological and molecular identification 

Colony morphology of purestrai ns growi ng on plates was recorded usi ng an i nverted I i ght mi croscope(N i kon 
EdipseTl-SM) while the cell morphology, cells arrangement, and presence of filaments with or without 
heterocysts as well as pigmentation was documented using light mi croscopeat400X magnification under oil 
immersion. Further characterization and assignment was done as described by Van DeMeene eta/. (2006) 
Cel Isfor total genomic DN A extraction were harvested by centrifuging 1ml of the liquid culture at 14,000 xg 
for5min.Thecell pel lets was re-suspended inlOOpI solutionA lysis buffer (50 mM TrispH 8.5,50 mM EDTA 
pH 8.0and 25% sucrose solution). 5pl of 20 mg/1 lysozyme was added and theresulting mixture incubated at 
37°Cfor 15 min so as lysis of the cel I wall to occur. 400ju I of DNA extraction buffer (10 mM TrispH 8.5,5 mM 
EDTA pH 8.0and 1%SDS) was added intothetubeand inverted severally. lOpI of ProteinaseK (20 mg/1) was 
added and the mixture incubated at 65 °C for 15 min. Extraction of nucleic acids was using the freeze-thaw 
method followed by phenol: chloroform: isoamyl alcohol (25:24:1v/v) separation. The resultant mixture was 
centrifuged at 13200 rpm for 5 mi n at 4^C. The nud ei c aci ds were recovered from theaqueous phase usi ng (pH 
5.2) sodium acetate: isopropanol precipitation method. Pellets containing the nucleic acids were dried, 
suspended in sterile Polymerase chain reaction (PCR) water and stored at-20°C until use. Thequality and 
purity of theextracted DNA waschecked by runninganaliquot(2pl)onal%agarosegel electrophoresis and 
thereafter visualized under UV light usi ng a transilluminator. DNA was not extracted fromthesolid cultures 
but they weredirectly used in PCR amplification (colony gradient PCR) (Uniwersytet eta/., 2007). 

Total DNA from each isolate was used as a tempi ate for 16S rRN A gene amplification. This process was 
performed using PCR machine (Sure cycler 8800 Agilent Technologies) in a total reaction volume of 25 pi 
containing the following reagents: 14.0 ^I PCR water, 5.0 pi polymerase buffer, 1.5 pi of primer pair 
(5'-AGAGTTTGATCCTGGCTCAG-3'and 5'-AAGGAGGTGATCCAGCC-3'), 0.6pl of dNTPs, 0.9pl of DMSO 
0.6pl of MgCI 2 ,0.3pl Taq polymerase and 0.5pl of the DNA. The control experiment contained all the above 
with no nucleic acid template. The PCR machine was set follows: initial denaturation for 5 min at 95^ 
followed by 35 cycles of denaturing at 94 9C for 1.0 min, pri mer annealing at 54 ^C for LOmin, 1.0 min for chain 
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extension at 72 9C and afinal extension step at 72 9C for 5 min. The quality and sizeof the amol icons was 
checked by running an aliquot (3 pi) on a 1% agarose gel electrophoresis in lxTBE and thereafter visualized 
under UV light using a transilluminator after staining with fluorescent dye. PCR amplicons were sent for 
sequencing at I nqaba Biotech, South Africa. Sequences were aligned using Chromas life alignment editor 
softwareand their closely related database sequences retrie/ed using (BLAST) algorithm search program of 
NCBI (Altschul etal., 1995). Sequence alignments and construction of phylogenetic tree was done using 
MEGA 7software(Kumar eta/.,2016). 

3. Results 

3.1. Sampling and physiochemical data ofthesites 

Physiochemical data shows that thed ifferent sitesd iffer i n the water chemistry and thi s may have an i nfl uence 
onthecyanobacterial diversity. Notable is theconcentrati on of Sodium ions which influences the salinity and 
the Bi carbonate i ons w h i ch are responsi bl e for the al kalinity (Tabl e 1). H al oal kal i phi I i c sped es of cyanobacteri a 
such as M icrocystis, Synechocystis, A nabaena and Spirulina have been reported from Lake M agad i by Wagacha 
et al. (2014). Table 1 summarizes the most i mportant envi ronmental parameters of the lake i n the different 
sampl i ng peri ods (J u ly, A ugust and September). 


Table 1: Summary of physiochemical parameters 

Parameter 

S3 July 

S4 July 

S3 Aug 

S4 Aug 

S2 Aug 

S2 Sep 

pH 

10.5 

10.5 

11.3 

11.1 

10.7 

10.7 

Temperature 

27 

27 

34.6 

33.6 

35.2 

37.2 

TDS (g/ L) 

135.4 

134.6 

139.2 

139.8 

148.2 

145 

P 

77.2 

63.8 

108 

107 

73.7 

117 

K 

2,430 

1,960 

3,300 

3,270 

2,860 

4,280 

Mg 

8.20 

6.31 

< 0.02 

0.30 

< 0.02 

2.63 

Na 

120,000 

100,000 

121,000 

118,000 

96,500 

143,000 

Ca 

16.4 

9.23 

0.20 

1.13 

0.96 

0.34 

no 3 

< 0.01 

< 0.01 

0.20 

< 0.01 

< 0.01 

5.98 

N0 3 N 

< 0.01 

< 0.01 

0.045 

< 0.01 

< 0.01 

1.35 

HCO 3 

229,000 

196,000 

242,000 

233,000 

181,000 

213,000 

CaC0 3 

74.6 

48.9 

0.58 

4.05 

2.48 

11.6 


3.2. Isolation and purification of cyanobacteria 

Weobtained llaxeniccyanobacterial strains (eight from liquid culture, and threefromsolid culture) which 
were morphologically and molecularly characterized. Isolates recovered fromtheliquid medium (BG11) were 
affiliated to the orders Chroococcales, Oscillatoriales, Pleurocapsales and N ostoca/es while sol id medium BG11 
supported taxa affiliated to the orders C hroococcales and Pleurocapsales. TheisolatesC3, C5, C9and CIO were 
observed to be motile. It was noted that growth was better on liquid media as compared to solid medium 
probably because cyanobacteria arei nhibited by agar (U rmeneta et al. , 2003). Theisolates affi I iated to orders 
N ostocales and Spirulina did not grow onthesolid media even after supplementing it with vitamin B12.The 
obtained liquid and solid cultures are shown in Figures 1-2. 
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Figure 1: Axenic cyano bacterial cultures growing in liquid media (from left to right Cl, C 2, C 4 and C5 
respectively) 



Figure 2: Axenic cyanobacterial cultures growing in solid media (from left to right Isolate C16 and C13 
respectively) 


33. M orphological characterization of pure cultures 

To visualize the cel I morphology, cel Is arrangement, and presence of filaments with or without heterocysts 
under the mi croscopefor solid cultures, methyl bluestain was used (Figure3a). Nostaining wasdoneforthe 



Figure 3a: M icroscopic images of liquid cultures C1, C 2, C3, C4, C5, C6, C9, C10 at a magnification of x400 
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Figure 3b: M icroscopic images of the isolates C13, C14, C16 grown on solid medium as seen under a compound 
microscope at x400 


liquid cultures as they were clearly visi bleat x400 magnification (Figure 3b). The cel I morphology was the 
typical cyanobacterial morphologies such as those observed for Chroococcales, Oscillatoriales, Pleurocapsales 
and N ostocales. M oti I i ty was observed i n the I i qu i d cu I tu res of C 3, C 5, C 9 and C10 w hi I e cel I s occu rred sol i tary 
or in pairs after division. Cell content had no separation on centro- and chromatoplasma (Vos dial., 2011). 
Cultures of Cl, C2, C3, C5, C6, C9, CIO and C16could presumably fix their own nitrogen si nee nitrates were 
not provided in their growth medium. However, isolates C4, C13and C14only grew when nitrates were 
introduced into their growth media. The isolates CIO and C16had visible specialized cel Is (heterocysts). 

3 . 4 . M olecular characterization 

BLAST analysisofthesequencesagainsttheNCBI databaseshowed that all the isolates belonged tothephylum 
cyanobacteri adistri buted i n thefol I ow i ng ord ers: C hroococcales (3 i sol ates), 0 scillatoriales (2 i sol ates), P leurocapsales 
(5 isolates) and N ostocales (1 isolate). The percentage similarity values ranged between 86%-99% similarity. 

I solates C3 and C10 had percentages mi larity of 99.45% to Spirulina and N odularia species respectively. 11 was 
found out thatClOwas closely related to 4 nabaenopsis ab//atae whileC3 was closely related to Spirulina major. 
IsolatesCl, C2, C4, C5, C13and C16formed aduster of their own and thereforewere not affiliated to any known 
cyanobacterial groups. Their percentagesimilarityfell below 90% hence the/ cou I d represent novel cyanobacterial 
lineages. The phylogenetic relationship of the recovered isolates is summarized in Figure4. 


1001 CIO 


rol 1 Uncultured bacterium cloneSA 25 (JQ 738964) 

' - Spirulina major 0BB22S09 (AJ 635436) 

- Spirulina sp. strain M PI S4 (Y18792) 

Uncultured cyanobacterium clone Alchichica AQ1 2 IB 123 (JN 825322) 
Limnothrix rosea LAM M-220 NIES-208 (M RBY01000088) 
Synechococcus sp. HOG (AF448075) 

Synechococcus sp. NKBG15041 (BAUB01000037) 

C9 

— 0scillatoria kawamurae gene (AB298443) 



46 L 


0scillatoria duplisecta ETC-06 (AM 398647) 

0 scillatoria pr in ceps NIV A-CY A 150 (AB045961) 

— A nabaenopsis nadsonii 2LT27S11 (FM177481) 

99 1 A nabaenopsis abijatae A B2002/09 (A M 773296) 

' C3 

r— A nabaenopsis elenkinii AB2006/20 (AM 773307) 

53 I- Nodularia harveyana Huebel 1983/300 (DQ185231) 

-Filamentous cyanobacterium GSL035 (GQ243430) 

- C6 


-Uncultured cyanobacterium cloneZ4MB23 (FJ484822) 

_ 1001 C2 

' C5 
Cl 
C13 
C16 
C4 


Figure 4: U nrooted phylogenetic tree showing the relatedness of the cultured cyanobacterial isolates to closest 
relatives 
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4. Discussion 

LakeMagadi as an alkaline saline ecosystem exhibit elevated alkalinity, pH and salt content (Cambura eta/., 
2016). Thi s study demonstrated that extreme envi ronments such as Lake M agad i are i nhabited by a d i verse, 
polyphyletic array of culturablecyanobacteria which are underrepresented in currently avail able nucleotide 
databases. H arsh conditions in the lake were even increased during dry periods, which can be very stressful 
for most cyanobacterial species. Organismsabletotolerateelevated pH and excess of ions present in thewater 
adj ust thei r cel I u I ar content to be i n osmoti c equ i I i bri u m w i th the outsi d e med i u m (O ren, 2007) and d evel op 
strategies to maintain the internal pH lower than theexternal environment, as particular cel I walls, membranes 
and enzymes (Bell, 2012). 

All theisolateswereabletogrow at pH abovenine, temperatures of between 25-4020 in at I east 21 days. 
With no added carbon sourcein the media, cyanobacteria still grew well si ncethey are autotrophic. Recovery 
of cyanobacteria isolates from samples collected when highestvalues of alkalinity, salinity and temperature 
wererecorded confirms thattaxainthisenvironmentaretrueextremophiles. Physiological adaptations favor 
alkaliphilic cyanobacteria as the main primary producer in the alkaline saline lakes as well (Grant and 
Sorokin, 2011). This phenomenal extremes were also recorded by Costa et al. (2016) while studying for 
cyanobacteri al d i versify from a si mi I ar envi ronment. Thei r domi nance may al so be expl ai ned by the red uced 
i nteracti ons w ith other species (i nterspecific competitors and predators) that are rare or absent as the resu It of 
the strong sel ecti ve pressu re of the envi ron ment ( C osta dial., 2016). 

Haloalkaliphiliccyanobacteria had unique morphological characteristics such as heterocysts, which are 
involved in nitrogen fixation. The heterocystswereonly visible in filamentous cyanobacteri a C4, CIO and C16. 
Presenceoftaxa affiliated to C hroococcales (27%), 0 scillatoriales, PI eurocap sales andN ostocales was reported pre/iously 
by Wagacha dial. (2014), although their study relied on microscopical techniques. Chroococcidiopsis species are 
know n for thei r abi I ity to toleratea di versearray of high cond itions of sal i nity, extreme hi gh temperatures or 
pH, high levels of radiation, conductivity and alkalinity (Magana-Arachchi and Wanigatunge, 2013). In this 
study thustaxon was represented by C2, C4, C5, C13and C16. A nabaenopsis denkinii (represented by isolate 
C10 at 99.45% si mi lariy) preferential ly thrives i n al kal i neand sal i ne lakes, such as LakeSonachi i n Kenya and 
LakeTexcoco i n M exi co ( Bal I ot et al ., 2008) . A11 i sol ates were abi e to tol erate hi gh sal t concentrati on of u p to 
10%. 11 has been reported that 4 rthrospira sped es i s the most common cyanobacteri a i n the sal i ne Rift val I ey 
lakes (Vonshak and Tomaselli, 2000; Ballot et al., 2004; Dadheech et al., 2009; Wagacha et al., 2014). This 
species has been extensively studied, particularly becauseof the significance as sourceof protein, vitamins 
and production of supplements (Ayachi et al., 2007). H owever, in our study, A rthrospira species was only 
represented by isolate CIO. 

Molecular typing allows proper taxonomic assignment of an organisms as compared to traditional 
morphological methods (Taton dial., 2006; and Willameeta/., 2006). This approach also permits the recognition 
of crypti c sped es and of d ifferent genotypes that d i spl ay si mi I ar morphol ogy wi thi n a popul ati on (Ernst dial., 
2003). Chroococcidiopsis species for example had not been reported beforeinthesalineRiftvalley lakes. Therefore 
LakeMagadi isstill largely unexplored in terms of the microbial diversity. The uncultured diversity isan 
untapped resource for taxonomists aswell as the biofuel and biotechnology industry. 
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